Identification of mechanisms underlying endometriosis pathogenesis will facilitate understanding and treatment of infertility and pain associated with this disorder. Herein, we investigated the expression of steroidogenic pathway enzymes and key decidualization biomarkers in endometrial tissue and in eutopic endometrial stromal fibroblasts (hESFs) from women with vs. those without endometriosis, and subsequently treated in vitro with 8-bromo-cAMP (8-Br-cAMP) or progesterone (P 4 ). Realtime quantitative PCR, immunohistochemistry, ELISA, and radiometric aromatase activity assay were used. The results demonstrate significantly increased (14.5-fold; P ¼ 0.037) expression of aromatase in eutopic endometrium of women with disease. In 8-Br-cAMP-treated hESF from eutopic endometrium of women with endometriosis, the balance in estradiol (E 2 ) and P 4 biosynthetic and metabolizing enzymes is disturbed (decreased HSD3B1 and HSD17B2, and increased HSD17B1 and aromatase), with the equilibrium being shifted towards an E 2 -enriched milieu. However, hESF from the same group of women treated with P 4 did not demonstrate such responsiveness. Lower expression of IGFBP1 and prolactin mRNA and protein was observed in hESF from women with vs. those without endometriosis in response to 8-Br-cAMP, but not P 4 , suggesting a blunted response of these decidual biomarkers to activation of the PKA pathway in eutopic endometrium in women with disease. The dichotomy of 8-Br-cAMP regulation of select steroidogenic enzymes leading to an enriched E 2 milieu within the endometrium and a blunted response of decidual biomarkers to this decidualizing agent of hESF from women with endometriosis suggests resistance to full decidualization of the stromal fibroblasts and mechanisms underlying implantation failure and the pathophysiology of this disorder. endometrial fibroblasts, endometriosis, eutopic endometrium, steroidogenesis
INTRODUCTION
Endometriosis is a common, benign, estrogen-dependent gynecologic disorder affecting primarily women of reproductive age. It is a major public health problem due to the morbidities associated with accompanying infertility and/or pelvic pain in affected women and an estimated cost for associated healthcare for diagnosis and treatment in 2002 totaling about $22 billion in the United States alone [1] . Infertility in women with endometriosis is believed to be related to the proinflammatory milieu in the pelvis affecting oocyte quality, fertilization, embryo development, and impaired implantation due, in part, to compromised decidualization of endometrial stromal fibroblasts (hESFs) [2, 3] .
Decidualization is a process of morphological and molecular differentiation/maturation of endometrial stromal cells, especially hESFs, which is essential for embryonic implantation. Human endometrium undergoes decidualization in the absence of an implanting embryo and occurs under the influence of progesterone (P 4 ) and involves the protein kinase A (PKA) pathway [4] [5] [6] . Decidualization of cultured hESF in vitro can be achieved by activation of the PKA pathway (relaxin, hCG, prostaglandins, cAMP analogues) and treatment with P 4 , IL1b, and activin A [5, [7] [8] [9] [10] . Classical biochemical markers of decidualized hESF are prolactin (PRL) and insulin-like growth factor binding protein 1 (IGFBP1) [8, [11] [12] [13] , and recent microarray studies have revealed numerous genes and gene families that are regulated in hESF treated in vitro with decidualizing stimuli [5, 14, 15] .
Endometrial transcriptomic analysis has revealed molecular dysregulation of the proliferative-to-secretory transition in women with endometriosis, suggesting resistance to P 4 action [16] . Also, impaired decidualization in response to cAMP and activation of PKA pathway in eutopic and ectopic endometrium, by unknown mechanisms, have been described in the setting of endometriosis [17] . Furthermore, several enzymes in the biosynthesis and metabolism of estradiol (E 2 ) and P 4 are dysregulated in ectopic and eutopic endometrium of women with disease in response to steroid hormones [18] [19] [20] [21] [22] [23] [24] . These include increased expression of aromatase (CYP19A1, which catalyzes conversion of androstenedione (A 4 ) to estrone [E 1 ]), 17b-hydroxysteroid dehydrogenase type 1 (HSD17B1), which catalyzes conversion of E 1 to E 2 [18, 19] , and steroidogenic acute regulatory protein (STAR) [20] . In addition, 17-HSDb type 2 (HSD17B2), which converts E 2 to E 1 , is normally highly up-regulated in early secretory endometrium, the result of P 4 action [22, 25] , but its mRNA is markedly down-regulated in endometriotic lesions and in eutopic endometrium in the early secretory phase compared with normal endometrium [21] . Endometriosis is an estrogen-dependent disorder, and excessive expression of CYP19A1 and local E 2 production [23, 24, [26] [27] [28] and decreased metabolism to E 1 suggest that the endogenous endometrium is inherently abnormal, with a persistent presence of E 2 locally and that ectopic lesions autonomously have the capacity to produce E 2 for continued autocrine growth and survival. Herein, we investigate expression of enzymes in the steroidogenic pathway [29] in hESF from women with vs. those without endometriosis after decidualizing stimuli. The data support dysregulation of some members of the steroidogenic pathway that may contribute to the pathogenesis of the disorder and associated morbidities of pain and infertility.
MATERIALS AND METHODS

Collection of Tissue and Isolation and Culture of Endometrial Stromal Cells
Endometrial biopsies were obtained from a total of 29 women with endometriosis (severity of disease: minimal, n ¼ 7; minimal-mild, n ¼ 1; mild, n ¼ 8; moderate, n ¼ 1; and severe, n ¼ 12). The diagnosis of endometriosis was based on visualization of lesions found during laparoscopy, and was also confirmed by histology. Staging of endometriosis was defined according to the revised American Fertility Society classification system [30] . The participating subjects were 22-49 yr old, not pregnant, and did not use any hormonal medication within 3 mo before surgery. Controls were endometrial tissue samples obtained from 13 cycling, premenopausal subjects (31-49 yr old) undergoing endometrial biopsy or hysterectomy for benign reasons, such as fibroids, pelvic organ prolapse, or pelvic pain (Table 1) . Control subjects had regular menstrual cycles (25-35 days), were documented not to be pregnant, had no history of endometriosis, and had not been on hormonal treatment for at least 3 mo before tissue sampling. Samples were collected at room temperature in PBS, transported to the laboratory, and processed as described below. The study was approved by the University of California, San Francisco (UCSF) Committee on Human Research. Written informed consent was obtained from subjects. Samples were also obtained through the UCSF/National Institutes of Health Human Endometrial Tissue and DNA Bank, with appropriate institutional review, approvals, and written informed consent from all participating subjects.
Of 13 biopsies from subjects without endometriosis, 6 were used for experiments requiring whole tissue (gene expression and immunohistochemistry in midsecretory endometrial [MSE] tissue). Of 29 endometrial samples from women with endometriosis, 7 were used for whole tissue analyses (gene expression and immunohistochemistry) ( Table 1 ). All the other samples were used to isolate and culture hESF. Endometrial tissue was digested with collagenase as previously described [31] . Human ESF were separated from epithelium based on size and plated with Dulbecco modified Eagle medium (DMEM)/molecular cell developmental biology medium (MCDB)-105 containing 10% charcoal-stripped fetal bovine serum (FBS), insulin (5 lg/ml), gentamicin, penicillin, and streptomycin. At passage 2, cells were plated in 60-mm plates according to study design (see below) and cultured to near confluence in the same medium. Thereafter, medium was changed to lowserum medium (DMEM/MCDB-105 medium containing ascorbic acid, transferrin, and gentamicin with 2% charcoal-stripped FBS) and cultured for 24 h prior to the onset of treatment. No exogenous growth factors were added to the medium. The optimal concentration of FBS in the culture medium was determined as 2% (data not shown). All experiments were conducted using second-passage cells.
The purity of the hESF at passage 2 was evaluated by immunohistochemistry using antibodies against cytokeratin (epithelial cell marker), vimentin (stromal cell marker), and CD45 (leukocyte marker) (data not shown). All cultures were 99% pure stromal fibroblasts, which is consistent with earlier reports [32, 33] .
Decidualization Protocols
Dose response and time course of treatment with 8-bromo-cAMP and P 4 . Cells were cultured in low-serum medium, and dose-response (0.1 lM, 1 lM, 10 lM, 0.1 mM, 0.5 mM, 1 mM) and time-course (24, 48, 96 h) studies were conducted in response to 8-bromo-cAMP (8-Br-cAMP), with endpoints being the decidualization markers, PRL and IGFBP1. As a result, 96 h of stimulation with 0.5 mM 8-Br-cAMP treatment was found to be optimal for those endpoints (data not shown). To determine the concentration of P 4 optimal for decidualization of hESF in vitro, hESF were cultured for 14 days with E 2 (10 nM) and increasing P 4 concentrations (1 nM, 10 nM, 100 nM, 1 lM, 10 lM) using cells from the same patients as in the 8-Br-cAMP dose-response and time-course experiments. The optimal concentration of P 4 was determined to be 1 lM (data not shown). Preliminary studies were conducted to determine whether, by passage 2, cells had a ''memory'' of the cycle stage in which they were procured. Cycle-specific genes (DKK1, NUDT1, IGFBP1, PRL, and LEFTY2) were barely detectable and did not differ in their expression among cells prepared from different cycle stages (data not shown), demonstrating that the hESF are naïve in their response in the experimental treatment protocols. However, cells retained memory of their having been from endometrium from women with endometriosis, despite two (or more) passages (see Results).
Treatment of hESFs with decidualzing stimuli. Confluent hESF were treated with 0.5 mM 8-Br-cAMP (hereafter referred to as cAMP) for 96 h. Time ''zero'' (t ¼ 0) control samples were collected before initiation of treatment. Cells cultured for the corresponding time periods without treatment served as additional controls. Cultures at each time point and each treatment were performed in duplicate. Cells were lysed in RLT lysis buffer (Qiagen, Valencia, CA) containing b-mercaptoethanol and conditioned media (CM) were collected after 96 h of incubation. Human ESFs from the same subject were also treated with E 2 (10 nM; Sigma, St. Louis, MO) alone, E 2 (10 nM) plus P 4 (1 lM, Sigma), or vehicle control. Cell lysates and CM were collected at 14 days of stimulation. Cells and the CM were also harvested at t ¼ 0 control. The culture media were changed every other day.
Total RNA Isolation
Cells were lysed in RLT lysis buffer þ 0.1% b-mercaptoethanol. Total RNA was purified using Qiagen RNeasy Plus Mini kit (Qiagen) according to the manufacturer's instructions. Samples were stored in RNase-free H 2 O and quantified by spectroscopy, and the purity was analyzed by the 260/280 absorbance ratio. For quantitative RT-PCR analysis, 1 lg of RNA was converted to cDNA using the iScript cDNA Synthesis kit (Bio-Rad Laboratories, Hercules, CA). Duplicate mRNAs were pooled from each set of treatments. There was no significant difference between the duplicates (data not shown). The real-time RT-PCR reaction was carried out for 40 cycles with primers listed in Table 2 .
Enzyme-Linked Immunosorbent Assay
CM from cultured hESF were subjected to ELISA to determine IGFBP1 and PRL concentrations, according to the manufacturer's instructions (Diagnostic Systems Labs, Webster, TX). All samples were assayed in duplicate. A standard curve was run in each experiment. Levels of IGFBP1 and PRL for each sample were normalized to total RNA.
Statistical Evaluation
Statistical analysis for the ELISA data was performed using a two-tailed Student t-test, and, for the quantitative RT-PCR, we used the non-parametric Mann-Whitney test. Significance was determined at P 0.05.
Immunohistochemistry and Immunocytochemistry
Immunostaining was performed for HSD3B using frozen MSE tissue samples (n ¼ 4 from women with endometriosis and n ¼ 4 from women without endometriosis) and for HSD17B1 and HSD17B2 using formalin-fixed, paraffin-embedded endometrial MSE tissue samples (n ¼ 4 from women with endometriosis and n ¼ 4 from women without endometriosis for each antibody) and cultured hESFs (n ¼ 4 from women with endometriosis and n ¼ 4 from women without endometriosis). Frozen sections were allowed to air dry briefly, fixed in ice-cold methanol, and processed. Paraffin-embedded biopsies from the endometrium were sectioned to 4 lm and mounted on glass slides. The samples were thereafter deparaffinized in Xylene (Sigma-Aldrich) and washed in decreasing concentrations of ethanol. Cells were plated on cell culture chamber slides (Nalge Nunc International Corp., Naperville, IL). Confluent cells were treated with or without 0.5 mM cAMP for 96 h and thereafter fixed in 4% paraformaldehyde for 10 min and kept in PBS until proceeding. Slides intended for HSD17B1 and HSD17B2 staining were incubated for 15 min in H 2 O 2 (3% in methanol) to block endogenous peroxidase activity after antigen retrieval by boiling slides in citrate buffer (pH 6.0). Thereafter, the slides were blocked with 10% normal goat serum (for HSD3B antibodies) or 3% BSA in PBS (when using HSD17B1 and HSD17B2 antibodies) for 45 min. Sections were then incubated with the primary antibody overnight at 48C. The primary antibody for HSD3B detection was a polyclonal goat anti-human antibody (Santa Cruz Biotechnology, Santa Cruz, CA); for HSD17B1 it was a rabbit monoclonal antibody (Epitomics, Inc., Burlingame, CA) and for HSD17B2 it was a polyclonal rabbit antibody (Proteintech Group, Inc., Chicago, IL). In negative control slides, the primary antibody was replaced with nonimmune IgG of equivalent concentration from the same species. Slides for HSD3B staining were incubated with secondary fluorescein isothiocyanate (FITC)-conjugated donkey anti-goat antibody (Santa Cruz Biotechnology) for 45 min at room temperature, mounted with Vectashield mounting medium with DAPI (Vector Laboratories, Inc., Burlingame, CA) and viewed under a Leica epifluorescence microscope. The slides for HSD17B1 and HSD17B2 detection were incubated with goat anti-rabbit secondary antibodies (Vector Laboratories) for 45 min at room temperature. After 30 min incubation with ABC complex (Vectastain Elite ABC immunoperoxidase detection kit; Vector Laboratories), freshly 106 prepared diaminobenzidine-hydrogen peroxide solution (DAB kit; Vector Laboratories) was added to the slides, which were thereafter rinsed with distilled water. The slides were counterstained with hematoxylin (Vector Laboratories) and mounted with Clarion mounting medium (Sigma-Aldrich). A Leica microscope was used to visualize the immunostaining and to photograph the results. Sections of 20-wk human placental tissue served as positive controls for all three enzymes studied [34, 35] .
CYP19A1 Activity Assay
Aromatase activity of hESF from subjects with and without endometriosis was determined by measuring the amount of [ [36, 37] . Human ESF from subjects with (n ¼ 4) and without (n ¼ 4) endometriosis were plated in triplicates in 10% fetal calf serum until confluence, as described above. Cells from each subject were then cultured for 96 h and treated with no cAMP, 0.5 mM cAMP, or 1 mM cAMP in low serum-containing medium. Afterwards, 12.5 nM [1b-3 H]A 4 (SA 23.5Ci/ mmol; PerkinElmer, Inc., Boston, MA) was added and cells were incubated for 16 h at 378C at 5% CO 2 . Following incubation, 2 ml of medium were transferred to a test tube with 1.0 ml of ice-cold 30% trichloracetic acid, vortexed, and centrifuged. Supernatants were subsequently subjected to chloroform extraction to remove protein and cell debris from tested medium. The aqueous phase was collected and added to 2 ml of 5% activated charcoal (Sigma-Aldrich) with 0.5% dextran (Sigma-Aldrich) in PBS, to bind steroids. After a short incubation on ice and centrifugation, the supernatant (2 ml) was mixed with scintillation fluid (15 ml), vortexed well, and counted in a beta- 
RESULTS
Steroidogenic Enzymes in Eutopic Endometrium
Expression of key steroidogenic enzymes in mid-secretory phase eutopic endometrium in women with vs. those without endometriosis was assessed by quantitative RT-PCR. Most striking was the marked up-regulation of CYP19A1 mRNA in endometrial samples from women with vs. those without disease (14.5-fold; P ¼ 0.0037) (Fig. 1) . Expression of HSD17B1, which catalyzes the conversion of E 1 to E 2 and A 4 to testosterone, and HSD17B2, which catalyzes the reverse reaction and is known to be decreased in ectopic endometriotic lesions [21] , did not differ between endometrial tissue samples from women with vs. those without disease (Fig. 1) . In addition, STAR (rate-limiting step of steroid hormone synthesis) and P450scc (CYP11A1), and HSD3B1 and HSD3B2, which catalyse the conversion of pregnenolone (preg)/17OH-preg to P 4 /17-OH-P 4 and dehydroepiandrosterone to A 4 , and CYP17A1 were not significantly different in endometrium from women with vs. those without endometriosis.
PKA Pathway Activation and P 4 -Treatment of hESF
The finding of marked up-regulation of CYP19A1 mRNA in MSE of women with vs. those without endometriosis suggests a role for P 4 in this process, as peak circulating and endometrial tissue levels of P 4 are present at this time of the cycle, acting primarily on hESFs [38] . In this cell type, P 4 begins the process of hESF decidualization, which is also mediated by the PKA pathway [39, 40] . Thus, we investigated the effects of P 4 and cAMP on expression of CYP19A1 and other steroidogenic enzymes in hESFs using an in vitro culture system [31, 41] . Activation of the PKA pathway increased expression of STAR mRNA in hESF from women without and with endometriosis ( Fig. 2A) . In contrast, no effect of cAMP was observed on the expression of CYP11A1, in hESF from women with or without disease. cAMP significantly decreased the expression of HSD3B1, suggesting decreased capacity to convert preg to P 4 in hESF from women with disease. CYP17A1 expression did not differ in hESF from women with vs. those without endometriosis. Furthermore, CYP19A1 mRNA tended to be upregulated by cAMP, and HSD17B1 mRNA was significantly up-regulated in response to cAMP treatment of hESF from women with vs. those without endometriosis ( Fig. 2A) . Expression of HSD17B2, which converts E 2 to E 1 , tended to be increased in cells from women without vs. those with disease, although this was not significantly different. Interestingly, and surprisingly, P 4 had no effect on the expression of STAR, CYP11A1, CYP17A1, CYP19A1, or HSD17B1 (data not shown).
In view of differences in regulation of select steroidogenic enzyme pathway members in hESF in the setting of endometriosis, we investigated responses of the hESF to cAMP and P 4 with regard to the decidual biomarkers, IGFBP1 and PRL. Figure 2B (right side) shows that P 4 up-regulates IGFBP1 and PRL mRNA in hESFs, independent of coexisting endometriosis. This is in contrast to the observed blunted response to cAMP in the presence vs. absence of disease (Fig.  2B, left side) , which was also manifested at the protein level (Fig. 2C) . These data suggest a dysregulation in the PKA signaling pathway in hESFs from women with vs. those without endometriosis with regard to these classical markers of decidualization, in addition to dysregulation of select steroidogenic enzymes in these cells, as shown in Figure 2A . 
HSD3B, HSD17B2, and HSD17B1 Proteins in Eutopic Endometrium and hESF
Immunohistochemical staining of MSE tissue from women with or without endometriosis revealed minimal stromal cell expression of HSD3B, although glandular cells showed positive fluorescent signals, which were stronger in the samples from women without vs. those with endometriosis (Fig. 3, A and B, and Table 3 ). HSD3B protein was undetectable in untreated hESF from women with and without disease (Fig. 3 , C and E), consistent with a previous report [42] and low mRNA expression in tissue biopsies (data not shown). However, upon treatment with cAMP, HSD3B was increased in hESF from women without disease (Fig. 3D) vs. those with disease (Fig. 3F) .
Eutopic endometrial tissue from women without, but not with, endometriosis, demonstrated strong epithelial immunostaining for HSD17B2 (Fig. 4, A and B, and Table 3 ). No stromal staining was observed. Some stromal cells from women with or without endometriosis expressed HSD17B2 in culture (Fig. 4, C and E) . After activation of the PKA pathway, hESF from women without endometriosis, demonstrated an increase in HSD17B2 (and change in cell shape) (Fig. 4D) , not observed in cells from women with endometriosis (Fig. 4 , C-F, and Table 3) .
With regard to HSD17B1, MSE from women with, but not those without endometriosis, weakly expressed immunoreactive HSD17B1 in the epithelium, and no stromal staining was observed (photomicrographs not shown; Table 3 ). Human ESF from both groups of women showed faint expression of HSD17B1 protein in both nondecidualized and decidualized states, with no obvious difference after treatment with cAMP, consistent with low mRNA expression in endometrial tissue and stromal cells (data not shown) and in agreement with previous observations [42] .
CYP19A1 Enzyme Activity in hESFs
As shown in Figure 5 , eutopic hESF from women with endometriosis expressed higher levels of CYP19A1 activity compared with hESF from women without disease. Moreover, hESF from women with endometriosis responded to activation of PKA pathway by an increase in CYP19A1 activity (P , 0.05), which was significantly higher compared with the cAMP response of hESF from women without disease (P , 0.05; Fig.  5 ). We attempted to measure E 2 in the medium conditioned by these cells after preincubation with A 4 ; however, the results were below the limit of detection in the assay.
DISCUSSION
Endometrium as a Steroidogenic Tissue
Endometrium has traditionally been regarded as a target of steroid hormone action and not involved in steroid biosynthesis and metabolism. Transcriptomics and one-by-one gene analysis [22, 23] have demonstrated, however, that endometrial tissue expresses activities of several members of the steroidogenic pathway, such as STAR [43] , CYP11A1 [43, 44] , HSD3B [23, 42, 44] , CYP17A1 [45] , HSD17B1 [46, 47] , HSD17B2 [21, 48] , and CYP19A1 [49] . Thus, endometrium joins the traditional ''steroidogenic'' organs, along with cardiac and neural tissues and others with recently demonstrated steroidogenic capacity [50] [51] [52] . The physiologic relevance of locally produced and local metabolism of steroids within a tissue is not well understood. This is particularly true of tissues that respond to steroids from the circulation, such as the endometrium. One of   FIG. 2 . A) Expression of mRNA for steroidogenic pathway enzymes in human endometrial stromal cells from eutopic endometrium from women with (n ¼ 7) and without endometriosis (n ¼ 5) treated with 0.5 mM 8-BrcAMP for 96 h, expressed as fold change to the expression in 96-h notreatment controls, as revealed by real-time RT-PCR. *Significance accepted at P 0.05 (Mann-Whitney test). Error bars represent 6 SEM. B) Expression of IGFBP1 and PRL mRNA in endometrial stromal fibroblasts (hESFs) from women with (n ¼ 7) and without endometriosis (n ¼ 5) decidualized in vitro with 0.5 mM 8-Br-cAMP for 96 h, expressed as fold change to the expression in 96-h no-treatment controls (left side of B) and expression of IGFBP1 and PRL mRNA in hESFs from women with (n ¼ 20) and without endometriosis (n ¼ 7) decidualized in vitro for 14 days with P 4 , expressed as fold change to the expression in 14 days no hormone controls (right side of B), as revealed by real-time RT-PCR. The y-axis is presented as a log scale. *Significance accepted at P 0.05 (MannWhitney test). Error bars represent 6 SEM. C) Levels of secreted IGFBP1 and PRL in culture medium from cultured hESFs from women with (n ¼ 7) and without (n ¼ 5) endometriosis decidualized in vitro with 0.5 mM 8-BrcAMP for 96 h. *Significance accepted at P 0.05 (two-tailed type 3 Student t-test). Error bars represent 6 SEM. FIG. 3 . Representative picture of HSD3B immunostaining of MSE from women without endometriosis (n ¼ 4) (A), with endometriosis (n ¼ 4) (B), nondecidualized (C) and decidualized with 8-Br-cAMP (D) hESFs from women without endometriosis (n ¼ 4), as well as nondecidualized (E) and decidualized with 8-Br-cAMP (F) hESFs from women with endometriosis (n ¼ 4). Immunostaining of placental tissue at 20-wk gestational age, which was used as a positive control (G), demonstrates the expression of HSD3B protein in syncytiotrophoblast cells of placental villi. Cytotrophoblasts lying underneath the syncytial layer do not contain detectable levels of this enzyme and serve as an endogenous negative control. Original magnification 3200. 
a Symbols indicate staining: À ¼ no staining, À/þ ¼ a few stained cells, þ ¼ faint staining, þþ ¼ moderate staining, and þþþ ¼ strong staining.
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the most striking observations herein is that human endometrium expresses transcripts for enzymes of the steroidogenic pathway involved in the synthesis and metabolism of estrogens and P 4 , and that there is dysregulation of some enzymes that favor biosynthesis of E 2 locally in eutopic endometrium of women with vs. those without endometriosis. The response to E 2 and P 4 of eutopic endometrium from women with endometriosis is abnormal in vivo, as evidenced by the persistent footprint of E 2 -regulated genes in the early secretory phase of women with vs. those without disease [16] . Local E 2 , present at the time at which systemic P 4 is to act on the tissue, may alter P 4 actions within the endometrium, leading to the observed molecular phenotype.
CYP19A1 in Endometrium in the Setting of Endometriosis
There is a consensus about the expression of CYP19A1 mRNA, protein, and activity in ectopic lesions of endometriosis [53] [54] [55] , which supports autonomous E 2 production by and survival of endometriotic lesions, even in postmenopausal women with a history of endometriosis and not on hormonal therapies [56, 57] . Indeed, this finding has had a profound impact on medical management of endometriosis, with the introduction of CYP19A1 inhibitors as an alternative treatment for endometriosis-related pelvic pain [57] [58] [59] . There are no consistent data, however, regarding CYP19A1 protein, determined by immunohistochemistry, in eutopic endometrium in women with symptomatic endometriosis or in disease-free women. Some studies show low and others high immunoreactivity, likely due to different antibodies and experimental protocols [60] [61] [62] [63] [64] [65] . An additional confounder is that CYP19A1 is expressed in endometrium of women with uterine fibroids [66] [67] [68] . Regarding the cell type of the enzyme expression, CYP19A1 mRNA (higher in women with vs. those without endometriosis) and protein (absent in some women without endometriosis) expression was shown in both epithelial and endometrial stromal cells, with higher expression in the epithelium [61, 69, 70] . The absence of CYP19A1 gene expression in eutopic endometrium of women without endometriosis has been reported [43, 55, 71] , and was confirmed in the current study using sensitive quantitative RT-PCR and endometrial samples from women without disease who had indications for surgical procedures that included uterine prolapse, pelvic pain, and a normal volunteer, but not uterine fibroids.
CYP19A1 in hESFs
Cultured hESF from women with endometriosis demonstrated significantly higher CYP19A1 activity that increased further upon activation of the PKA pathway with tritiated A 4 (3H-A 4 ) in the culture medium. These results are consistent with the data of Noble et al. [54] , who compared hESF from eutopic endometrium from women with endometriosis with ectopic stromal cells, rather that comparing with eutopic hESF from women without disease (as performed in the present study). Differences in magnitude of enzyme activity observed by Noble et al. [54] and our results are likely due to experimental conditions (substrate concentration, time of reaction). Interestingly, hESF isolated from women without endometriosis also expressed CYP19A1 mRNA and activity, although at extremely low levels and with no significant change in expression after treatment with either cAMP or P 4 . While several subjects had uterine fibroids (Table 1) , which may account for this low constitutive activity, a recent study demonstrated that A 4 increased CYP19A1 expression in hESF [72] . This was attributed to E 2 (converted from A 4 ), and addition of 3H-A 4 to the cultures herein could account for this constitutive activity shown in Figure 5 .
Other Steroidogenic Enzymes in Endometrium
Elevated expression of STAR, but not Cyp11A1 or HSD3B1, has been found in ectopic implants, compared to normal endometrium, and has been linked to survival and growth of endometriosis [43] , presumably by enabling cholesterol transport into ectopic lesions for biosynthesis of steroids. Herein, we did not observe significant differences in STAR mRNA expression in eutopic endometrium from women with vs. those without endometriosis. However, STAR was upregulated in hESF from women with and without endometriosis in response to cAMP and P 4 . STAR is one of the genes that is up-regulated in secretory endometrium [22] , and the precise mechanisms underlying its regulation by cAMP in endometrium are unclear at this time and warrant further investigation (and see below).
HSD17B2 mRNA increases dramatically in early and midsecretory eutopic endometrium in women without [21, 22] , but not those with endometriosis [16, 21, 69] , although studies showing no cycle variation has been reported [69, 70] . In the current study, HSD17B2 was found to be highly expressed in MSE epithelium in women without vs. those with disease. In contrast, stromal fibroblast immunostaining in eutopic endometrium was low in both groups. HSD17B2 has been reported by others in both epithelium and stroma with high expression in the former [69, 70] . Human ESF from women without endometriosis demonstrated high responsiveness to cAMP treatment with increased HSD17B2 immunoexpression, while in hESF from women with disease, HSD17B2 protein expression did not respond to cAMP. Since HSD17B2 converts E 2 into the weaker estrogen, E 1 , its lower expression in hESF may contribute to an E 2 -predominant environment in eutopic endometrium of women with disease. Furthermore, this abnormality is present in cells after at least two passages, suggesting perhaps involvement of epigenetic mechanisms that preserve this abnormal phenotype favoring decreased E 2 metabolism.
Another enzyme, HSD17B1, which is responsible for the opposite process (i.e., conversion of E 1 to E 2 ) was significantly elevated in cAMP-treated hESF from women with vs. those without endometriosis. This may also contribute to accumulation of E 2 in endometrial tissue, promoting progression of the disease. However, those changes were not reflected at the protein level, most likely due to low levels of the translated product in the endometrium and/or sensitivity of the antibody used.
Activation of the PKA Pathway and P 4 Signaling
Endometrium of women with endometriosis exhibits an abnormal proliferative-to-secretory transition, with persistence of genes and biological processes (e.g., cellular mitoses, DNA replication) that are normally down-regulated after the LH surge and P 4 action in the tissue [16] . Furthermore, many P 4 -regulated genes are dysregulated in the early and mid-secretory phases of the cycle [16, 23] . These observations, taken together, suggest an element of resistance to progesterone action in endometrium of women with endometriosis. However, the data here do not support resistance to P 4 action, per se, of hESF from women with endometriosis, but rather a blunted response to cAMP, as demonstrated by significantly reduced IGFBP1 and PRL mRNA and protein in hESF from women with vs. those without disease (Fig. 2) , consistent with a previous report [17] , and a dysregulation of select steroidogenic enzymes. While the absence of HSD3B1 up-regulation by cAMP in hESF in the setting of endometriosis ( Fig. 2A) is consistent with a blunted response, in contrast, some steroidogenic enzymes (e.g., HSD17B1 and CYP19A1) were up-regulated by cAMP treatment of hESF from women with endometriosis compared with those without disease (Figs. 2  and 5 ). The dichotomy of hESF responsiveness to cAMP and P 4 of select steroidogenic enzymes and decidual biomarkers, IGFBP1 and PRL, may lie in one or more of a multiplicity of pathways intersecting with the PKA pathway and/or P 4 signaling in this cell type. Of note in the current study, the phenotype observed here persists in hESF after isolation, culture, passaging, and further culture, suggesting an intrinsic abnormality in this cell type in endometrium from women with disease. While it is possible that peritoneal fluid, which is rich in inflammatory cytokines, in women with endometriosis may exert a pathological effect on the eutopic endometrium, leading to its alterations and impaired decidualization, persistence of the phenotype in multiple passages would suggest an intrinsic abnormality in the shed endometrium. This may be due to epigenetic mechanisms that are retained and transmitted in expanded culture, in parallel with the observed hypomethylation of NR5A1 (also known as SF-1) and ESR2 in endometrium from women with vs. those without disease, invoked as part of the pathogenesis of elevated CYP19A1 expression [73, 74] .
In summary, herein, we have demonstrated that endometrium is a steroidogenic tissue, which, in the setting of endometriosis, exhibits dysregulation of steroidogenic enzyme pathway genes that results in a shift to an E 2 -enriched milieu. This can influence proliferation and survival of endometrial cells, up-regulation of other processes (e.g., neurotrophins and their nociceptors, important in the pathogenesis of this disorder). Whether epigenetic mechanisms are involved is not clear at this time, but the shift in local hormonal milieu may be responsible for the impaired in vivo decidualization of hESF from women with disease, leading to impaired implantation in the setting of endometriosis. Most intriguing is the observed dichotomy of altered PKA and P 4 signaling pathway regulation of select steroidogenic enzymes and the blunted responsiveness of hESF of the decidual biomarkers, IGFBP1 and PRL, in the setting of endometriosis. Mechanisms underlying these observations are currently under investigation in our laboratory.
